The decatenation activity of topoisomerase II (Top2), which is widely conserved within the eukaryotic domain, is essential for chromosomal segregation in mitosis. It is less clear, however, whether Top2 performs the same function uniformly across the whole genome, and whether all its functions rely on decatenation. In the fission yeast, Schizosaccharomyces pombe, telomeres are bound by Taz1, which promotes smooth replication fork progression through the repetitive telomeric sequences. Hence, replication forks stall at taz1D telomeres. This leads to telomeric entanglements at low temperatures (p201C) that cause chromosomal segregation defects and loss of viability. Here, we show that the appearance of entanglements, and the resulting cold sensitivity of taz1D cells, is suppressed by mutated alleles of Top2 that confer slower catalytic turnover. This suppression does not rely on the decatenation activity of Top2. Rather, the enhanced presence of reaction intermediates in which Top2 is clamped around DNA, promotes the removal of telomeric entanglements in vivo, independently of catalytic cycle completion. We propose a model for how the clamped enzyme-DNA complex promotes proper chromosomal segregation.
Introduction
In proliferating eukaryotic cells, linear chromosomes face two important problems. First, as the semi-conservative DNA replication machinery is unable to completely replicate the terminal DNA sequences, chromosome ends erode with each cell cycle. Second, free DNA ends can be recognized as double-strand breaks (DSBs) by the specialized DNA repair machineries whose activities can be deleterious at natural chromosome ends. These problems are solved by various specialized proteins that bind the G-rich repetitive sequences situated at the end of chromosomes and form the telomere Rog and Cooper, 2008) . Telomeres recruit and regulate telomerase, a reverse transcriptase that re-synthesizes the DNA lost due to the end replication problem (Bianchi and Shore, 2008) . Telomeres also suppress their own non-homologous end joining (NHEJ), homologous recombination (HR) and checkpoint activation, promoting chromosome stability.
In fission yeast, telomeric sequences are bound by Taz1, which recruits Rap1. Together, Taz1 and Rap1 negatively regulate telomerase activity at telomeres, conferring telomere length homoeostasis (Cooper et al, 1997; Kanoh and Ishikawa, 2001) , and inhibit NHEJ, protecting chromosomes from lethal fusions (Ferreira and Cooper, 2001; Miller et al, 2005) . Fortunately for taz1D and rap1D cells, growing fission yeast spend little time in G1 and, therefore NHEJ frequencies are virtually zero in growing cultures, allowing taz1D and rap1D cells to be viable Cooper, 2001, 2004) .
Taz1 also has a positive effect on telomeric sequence maintenance, as it favours replication fork (RF) progression through the telomere region. Hence, taz1
þ deletion results in stalling of the RF at telomeres (Miller et al, 2006) . This stalling is thought to lead to at least two different outcomes: rapid telomere loss in the absence of telomerase, and a high rate of telomere rearrangement (Miller et al, 2006; Rog et al, 2009) . Fission yeast cells lacking Taz1 also show chromosome entanglements, distinct from NHEJ-mediated fusions, at cold growing temperatures (p201C). These entanglements cannot be resolved at mitosis and therefore induce lethality; hence, taz1D cells are cold sensitive (Miller and Cooper, 2003) . Such mitotic defects are only observed in taz1D cells that have undergone the preceding S-phase at p201C (Miller and Cooper, 2003) . Furthermore, although Rap1 shares many functions with Taz1, it is dispensable for the prevention of both entanglements and stalled telomeric RFs. Hence, the entanglements seem to arise as a by-product of stalled RF processing. Interestingly, chromosome entanglements and the cold sensitivity of taz1D cells are suppressed by a mutation of the Top2 gene (top2 þ ), top2-191 (Miller and Cooper, 2003) . Top2 is a homodimeric enzyme, widely conserved within the eukaryotic domain, able to create a transient DSB in a DNA duplex and to promote the passage of another duplex through this 'DNA gate'. This strand passage activity confers the ability of Top2 to modify the topology of DNA molecules in vitro and in vivo. It should be noted that Top2 is able to relax supercoiled DNA, and to resolve or promote catenation between two DNA circles (Baldi et al, 1980; Hsieh and Brutlag, 1980; Liu et al, 1980; Goto and Wang, 1982) ( Figure 1A ). Top2 is essential in eukaryotes for chromosomal condensation and segregation (Holm et al, 1985; Uemura et al, 1987; Adachi et al, 1991; Shamu and Murray, 1992) . It is generally accepted that its strand passage activity is required during mitosis to decatenate residual intertwining that persists between sister chromatids after the completion of semi-conservative DNA replication. As a consequence, yeast cells bearing catalytically dead Top2 mutations fail to properly segregate chromosomes during mitosis and die. In addition, cells harbouring extra-chromosomal circular DNA molecules accumulate catenated circles following replication (Sundin et al, 1980; DiNardo et al, 1984) . Top2 is also able to relieve the topological constraints induced by RF and transcriptional progression, but this activity is not essential, as topoisomerase I also can perform the same (Brill et al, 1987) .
Studies in higher eukaryotes have led to the generation of an additional idea that Top2 is the main component of a 'chromosomal scaffold' (Adolphs et al, 1977; Paulson and Laemmli, 1977) . Top2 has been suggested to anchor DNA to this scaffold by linking it to specific regions of the genome (Mirkovitch et al, 1984; Adachi et al, 1989) , and to have a function in re-setting the spatial organization of replication origins during mitosis (Lemaitre et al, 2005) . However, the existence and precise function of this scaffold, and the role of Top2 in chromosomal organization, are yet to be definitively understood.
The observation that taz1D cells harbouring the top2-191 allele are rescued from cold sensitivity suggested that Top2 has a crucial function in preventing the accumulation of telomeric entanglements. Here we explore this role by examining the in vitro activities of Top2-191 and developing additional top2 þ alleles that confer cold-resistance to taz1D cells. Surprisingly, suppression of telomeric entanglement is not dependent on the DNA cleavage activity of Top2. Hence, the in vivo functions of Top2 are not confined to its catenationdecatenation activity. Rather, our data suggest that slowing down the Top2 catalytic cycle suppresses telomeric entanglement by enhancing the lifetime of the Top2-DNA clamp.
Results
The top2-191 allele acts in a dominant manner to suppress taz1D cold sensitivity Top2 can either catenate or decatenate DNA circles in vitro (Hsieh and Brutlag, 1980; Goto and Wang, 1982) . It is therefore conceivable that Top2 could either generate or remove chromosome entanglements in vivo. If Top2 generated the entanglement of taz1D telomeres, a mutation in top2 þ that suppressed this defect would be expected to be a loss-of-function, recessive allele. Conversely, if Top2 removed or prevented entanglement, a suppressing allele would be expected to be a gain-of-function and dominant allele. We assessed whether top2-191 is recessive by integrating it under control of the inducible nmt81 promoter (an attenuated allele of the strong inducible nmt1 promoter) at the lys1 locus (Figure 2A ), in a strain that also expresses wildtype (wt) endogenous Top2. Surprisingly, deletion of taz1 þ fails to induce cold sensitivity in the top2 þ lys1:top2-191 background ( Figure 2B ). In contrast, deletion of taz1 þ induces cold sensitivity in a strain bearing an empty nmt81 cassette integrated at the lys1 locus. Like taz1D strains containing single alleles of top2 (either wt or top2-191), taz1D top2 þ lys1:top2-191 cells harbour markedly elongated telomeres (data not shown). Thus, although the presence of a copy of top2-191 suppresses taz1D cold sensitivity (and the telomeric entanglements that arise in taz1D cells at cold temperatures (Miller and Cooper, 2003) , it does not suppress the telomere elongation sustained by taz1D cells. Hence, top2-191 suppresses cold sensitivity in a dominant manner, indicating that Top2-191 has gained an activity that prevents or removes entanglement, rather than lost an activity that generates entanglement. To check the general functionality of the integrated top2-191 allele, we introduced it into a strain harbouring a coldsensitive allele of top2 (top2-250) at the endogenous top2 þ locus. The Top2-250 protein is fully functional at 321C but loses its decatenation activity at 191C, conferring cold-associated lethality (Uemura et al, 1987) . We found that the integrated top2-191 allele was able to fully restore the growth of top2-250 strains at 191C (data not shown). Hence, the integrated copy of top2-191 is fully capable of decatenating chromosomes at mitosis at 191C.
As top2-191 suppresses taz1D cold sensitivity in a gain-offunction capacity, we investigated whether the presence of an extra functional copy of wt Top2 could also confer suppression. A strain bearing both endogenous top2 þ and nmt81-top2 þ shows cold sensitivity on taz1 þ deletion to the same extent as strains bearing only endogenous Top2 ( Figure 2C ). Although we cannot rule out the possibility that nmt81-driven top2 þ is simply not expressed at high enough levels, it is notable for its failure to suppress given that nmt81-driven top2-191 confers complete suppression of taz1D cold sensitivity. Nonetheless, the integrated top2 þ copy is functional, as it fully rescues both the thermosensitivity of top2-191 cells and a full deletion of top2 þ (data not shown). Hence, Top2-191 can both provide wt Top2 function at 191C and a function not provided by comparable levels of wt Top2.
Purified Top2-191 shows a slower catalytic cycle than wt Top2 at permissive temperature The top2-191 allele loses its decatenation activity at 361C, causing chromosomal segregation defects. However, at 191C, it gains a function that promotes chromosomal segregation.
Hence, our initial hypothesis was that the Top2-191 protein has a higher decatenation rate at permissive temperature, despite its loss of activity at non-permissive temperature. To test this hypothesis, we purified both the versions of the enzyme, using Saccharomyces cerevisiae as an expression system (Worland and Wang, 1989) . The purification was successful, achieving 495% purity for both alleles (data not shown). The purified Top2 shows a plasmid relaxation activity that depends strictly on the presence of ATP (data not shown), as is characteristic of type II topoisomerases. We measured the relaxation rate of both alleles using supercoiled plasmid pBR322 as substrate, at 251C (permissive temperature for Top2-191) and 371C (restrictive temperature for Top2-191). As expected, relaxation by the Top2-191 enzyme is almost completely inactivated at restrictive temperature, whereas the relaxation carried out by wt Top2 is unaffected ( Figure 3A) . Notably, however, Top2-191 also shows a significantly slower relaxation rate than the wt enzyme at permissive temperature ( Figure 3A) . Hence, the suppression activity of Top2-191 does not reflect an enhanced strand passage rate. The slower plasmid relaxation rate showed by Top2-191 might reflect slower catalytic turnover, and in turn, the accumulation of some catalytic intermediate. Hence, we sought to assess the steady state levels of catalytic cycle intermediates. During the Top2 catalytic cycle, ATP binding is required for the enzyme to form a clamp around DNA. Once the clamp is formed, Top2 cleaves the DNA and the enzyme is transiently covalently bound to its cleaved DNA substrate (forming the 'cleavable complex'; Figure 1A and 3D). This intermediate can be trapped by the addition of SDS to the reaction, which disrupts the ternary structure of the enzyme and converts the reversible DSB within the cleavable complex into an irreversible DSB (Liu et al, 1983) . We performed this SDS-trapping procedure on a reaction containing pBR322 DNA as a substrate, ATP and increasing amounts of either wt or mutant Top2 at 191C. We were able to trap DSB-containing DNA substrate ('linear', Figure 3B ) only in the presence of both the enzyme and the ATP ( Figure 3B and data not shown). We reproducibly observed twofold higher levels of this intermediate in reactions with Top2-191 than in reactions with equivalent concentrations of wt Top2 ( Figure 3C ). Along with our observation that the plasmid relaxation rate of Top2-191 is slower than that of wt Top2 at permissive temperature, this accumulation of cleavable complex suggests that the Top2-DNA clamp is stabilized by the top2-191 mutation.
Suppression of entanglement by Top2-191 is independent of its DNA strand-passage activity
The accumulation of cleavable complex seen upon the incubation of DNA with Top2-191 in vitro led us to question whether the mutant enzyme's cleavage activity is involved in the suppression of telomeric entanglement. In other words, might suppression be afforded by the cleaved DNA within the cleavable complex, or by the presence of a Top2-DNA 'closed clamp' within this complex? Topoisomerases catalyse transient DNA strand breakage through transesterification of a phosphate from the DNA backbone to a tyrosine residue in the enzyme. Sequence alignments with S. cerevisiae Top2 predict that the catalytic tyrosine of fission yeast Top2 is at position 835 (Figure 1 ). We mutated this tyrosine to þ and a mutated copy of its N-terminal region. P and T represent the nmt81 promoter and terminator, respectively. (B) top2-191 is dominant for cold sensitivity suppression. Strains harbouring the indicated insertions at lys1 were spotted on minimal medium lacking thiamine (to induce transcription from nmt81). 'ev' denotes 'empty vector'. (C) Overexpression of wt top2 þ fails to suppress taz1D cold sensitivity. Strains harbouring the indicated insertions at lys1 were spotted on minimal medium lacking thiamine (to induce transcription from nmt81).
phenylalanine by site-directed mutagenesis of an integration vector bearing the top2-191 allele, and integrated the resulting double mutant allele (encoding 'Top2-191-Y835F') at the fission yeast lys1 locus. It should be noted that although clamp closure, cleavage and strand passage are thought to occur simultaneously ( Figure 1A) , it is known that closure can occur without cleavage and passage (Oestergaard et al, 2004) . As expected, Top2-191-Y835F was unable to suppress the cold lethality conferred by top2-250, confirming that the double mutant allele is indeed catalytically dead ( Figure 4B) . Surprisingly, however, we found that Top2-191-Y835F completely suppresses taz1D cold sensitivity ( Figure 4A ). Therefore, we conclude that the cleavage activity of Top2-191 is dispensable for its ability to suppress telomeric entanglement in taz1D cells.
As the active form of Top2 is a homodimer, the foregoing results leave open the possibility that Top2-191 suppresses cold sensitivity by heterodimerizing with wt Top2 and inhibiting its decatenation activity. If this were true, insertion of any catalytically dead Top2 allele would suppress cold sensitivity. However, in striking contrast to Top2-191-Y835F, Top2-Y835F fails to suppress the cold sensitivity of taz1D cells ( Figure 4A) . Hence, the '191' mutation counteracts the appearance of telomeric entanglements by conferring an activity rather than by decreasing wt Top2 activity through a dominant-negative effect; that is, top2-191 is a genuine gain-of-function allele. Furthermore, this extra activity does not rely on the classical decatenation activity of Top2.
Wild-type Top2 limits entanglement in taz1D cells
The observation that Top2-191 has a slower catalytic cycle than wt Top2 suggests that suppression of taz1D cold sensitivity is achieved by an intermediate in the catalytic cycle. Any such intermediate should also be produced during the wt Top2 catalytic cycle, albeit with a reduced lifetime. If this were true, wt Top2 should also be able to counteract taz1D telomeric entanglement, although with a reduced efficiency compared with Top2-191. We have observed that the cold sensitivity phenotype of taz1D cells is not absolute; residual growth is always observed. We therefore questioned whether telomeric entanglements are limited by wt Top2 activity.
To test this idea, we generated a strain in which endogenous Top2 is C-terminally tagged with nine copies of the Simian Virus 5 antigen (9PK). Top2-9PK seems to be functional, as cells harbouring this tagged protein are healthy.
Interestingly, however, deletion of taz1 þ induces a much more severe cold sensitivity in cells harbouring Top2-9PK than in cells harbouring untagged Top2 ( Figure 5 ). The integration of untagged top2 þ at the lys1 locus suppresses this exacerbated cold sensitivity, rescuing the growth at 191C to the levels seen in top2 þ taz1D strains ( Figure 5 ). This observation suggests that C-terminal tagging of Top2 inhibits an inherent ability to prevent or remove entanglement, and implies that wt Top2 indeed limits entanglement.
A top2 point mutation impairing clamp re-opening imparts the ability to suppress entanglements
The foregoing results prompt the hypothesis that the 'closed clamp' form of Top2 has an activity that promotes the removal of taz1D telomeric entanglements, and that Top2-191 stabilizes this closed clamp more effectively than wt Top2. If this hypothesis is correct, a mutation that impairs clamp re-opening should also confer the ability to suppress entanglements. As clamp re-opening is dependent on the ATPase activity of Top2, we generated a mutation in a highly conserved region of the ATP binding domain of Top2 (K in position 423 is mutated to Q, Figure 1B ). In Drosophila melanogaster Top2, the corresponding mutation has been shown to reduce the efficiency of ATP hydrolysis in vitro, in turn favouring the persistence of the Top2 clamp around DNA (Hu et al, 1998 ) ( Figure 6A ). To determine whether the K423Q mutation imparts the same properties to the fission yeast enzyme, we expressed and purified Top2-K423Q and carried out relaxation and cleavage assays using the wt enzyme as a control. We found more pronounced accumulation of cleavable complex upon SDS trapping of plasmid DNA with Top2-K423Q than with wt Top2; the relevant cleavage activity is strictly dependent on ATP ( Figure 6B ,D and data not shown). Furthermore, the K423Q mutation almost completely abolishes the ability of Top2 to accomplish plasmid relaxation at all temperatures ( Figure 6C and data not shown). These data indicate that Top2-K423Q is able to clamp around DNA but unable to complete the catalytic cycle and 're-set' the enzyme. Strikingly, integration of DNA encoding Top2-K423Q at the lys1 locus allows near-complete suppression of taz1D cold sensitivity ( Figure 6E ), whereas it fails to suppress the telomere elongation phenotype in taz1D cells. This integrated allele was not able to suppress the thermosensitivity of top2-191 ( Figure 6F) , consistent with the requirement of ATP hydrolysis for the essential decatenation reaction and with our in vitro data showing that Top2-K423Q is essentially dead for multiple strand passage events ( Figure 6C ). These data confirm that an intermediate in the Top2 catalytic cycle, most probably the closed clamp, suppresses telomeric entanglements in vivo.
Discussion
In this study, we show that top2-191 acts in a dominant manner to suppress the telomeric entanglements induced by taz1 þ deletion. We find that the '191' mutation slows down the catalytic cycle of Top2, thereby prolonging the lifetime of catalytic intermediates. These intermediates could comprise either the cleavable complex or the closed clamped in which the enzyme encircles DNA; our observation that a cleavage-dead allele (Y835F) of Top2-191 also suppresses taz1D cold sensitivity favours the closed clamp as the relevant suppressing intermediate. Furthermore, we find that a separate allele engineered to stabilize the closed clamp intermediate recapitulates the suppression of taz1D telomeric entanglement conferred by top2-191. Our observation that Top2-Y835F fails to suppress cold sensitivity rules out the possibility that Top2-191 acts as a 'dominant negative' allele that blocks wt Top2 activity. Thus, our data imply that Top2 has a 'non-canonical' function, independent of decatenation, in limiting telomere entanglements. An important question is whether the non-canonical activity carried out by Top2-191 is relevant for understanding the role of wild-type Top2 in telomere physiology, or whether it reflects a unique property of a particular mutant. For several reasons, we think that this non-canonical activity is also carried out by wt Top2, albeit less effectively. First, the Top2-DNA clamp is a normal intermediate in the catalytic cycle; wt Top2 is, therefore, capable of forming these clamps transiently. Hence, wt Top2 would counteract the appearance of entanglements with a reduced efficiency because of the volatility of the relevant intermediate. Indeed, we found that fusing endogenous wt Top2 with a 9PK tag exacerbates the cold sensitivity induced by the loss of Taz1. This enhanced lethality is suppressed by the integration of an extra copy of Top2, indicating that Top2-9PK is recessive, lacking an activity that suppresses entanglement in taz1D cells. We suggest that this activity is the persistent formation of enzyme-DNA clamps. However, we failed to suppress entanglements through limited overexpression of wild-type Top2. Although we cannot exclude that an insufficient level of expression accounts for this lack of effect, we speculate that it reflects the non-catalytic nature of the activity involved. If the number of sites (i.e. entanglements) where Top2 must act does not exceed the number of available Top2 molecules, and if the relevant activity does not involve catalytic turnover (and would be 'structural'), then the overexpression of the less effective allele (in this case, the wt allele) would not be expected to suppress. In this scenario, the ability of Top2 to adopt the 'suppressing' conformation would be the only relevant parameter governing the efficiency of suppression.
Although the suppression conferred by Top2-191 is independent of its ability to cleave DNA, it remains possible that suppression requires the presence of separate Top2 molecules harbouring DNA cleavage activity. The Top2-K423Q allele most probably retains DNA cleavage activity, and Top2-191-Y835F could heterodimerize with endogenous Top2, forming a dimer that would be able to nick one DNA strand. Furthermore, it is important to note that our experiments did not rule out the possibility that decatenation activity is required for the removal of entanglements, as this activity is essential for viability and was always present in our experiments. As the decatenation activity of Top2 relies on the same reaction cycle measured in our relaxation and cleavable complex formation assays, we suspect that the decatenation activity of Top2-191 is also slower than that of wt Top2. However, we cannot exclude the possibility of a difference in relaxation and decatenation activity. Furthermore, the Top2-191-DNA clamp could favour disentanglement by enhancing the decatenation activity of a second, wt Top2 dimer. This could also be achieved through the recruitment of additional proteins. An interaction between Top2 and a subunit of the condensin complex has been reported in Drosophila (Bhat et al, 1996) . Therefore, one interesting possibility is that the clamped form recruits condensin more efficiently, in turn favouring decatenation. In a related scenario, the clamped form might directly influence chromosome organization (e.g. chromosome looping and/or cohesion) to provide a better substrate for decatenation.
We have found that Top2-191 does not suppress RF stalling at taz1D telomeres (data not shown). Hence, an attractive hypothesis is that Top2 favours the denaturation of the unreplicated region though transient stabilization of catenanes behind the RF. In support of this view, it has been shown in vitro that the Top2 clamp can bind points at which two DNA duplexes cross and can stabilize knotted plasmid molecules (Roca et al, 1993) . The prolonged binding at such a site behind a stalled RF may allow the chromosome to were separated on an agarose gel. (C) Top2-K423Q lacks relaxation activity. The relaxation assay was carried out at 251C essentially as described in Figure 4 . Identical results were obtained at 361C (data not shown). (D) Quantification of the cleavage assay. DNA was transferred from the gel to a nylon membrane and hybridized with a random primed radio-labelled pBR322. The signals from each band were quantified and cleavage ratios calculated as the ratio of signal for 'linear' to the total signal over the lane. Cleavage ratio was plotted as a function of enzyme concentration for both wt Top2 and Top2-K423Q. (E) Top2-K423Q suppresses taz1D cold sensitivity. Fivefold serial dilutions of the indicated strains were spotted on minimal medium lacking thiamine. (F) Top2-K423Q fails to provide the essential function of Top2. Four independent colonies of the indicated genotypes were streaked on YES medium. As in shown in Figure 2 , survivors in the top2-191 nmt81-top2-K423Q patches are likely to arise from gene conversion between the two top2 copies.
accommodate the superhelical stress produced by the denaturation of the unreplicated region. The stabilized catenanes would subsequently be removed through wt Top2 activity. In this view, clamped Top2 would prevent the appearance of entanglement rather than promoting its removal. ChIP analysis has shown that Top2 localizes near moving RFs in S. cerevisiae (Bermejo et al, 2007) . We can envision that clamped Top2 near stalled RFs might have a general role in the resolution of collapsed forks, through this non-canonical activity. The ReqQ helicase, Rqh1, has been implicated in processing stalled taz1D telomeric RFs (Rog et al, 2009 ). Indeed, inactivation of Rqh1 helicase activity (or diminution of Rqh1 sumoylation) suppresses all of the phenotypes associated with stalled telomeric RFs-entanglement at cold growing temperatures, telomeric hyper-recombination and the immediate loss of telomeres on telomerase inhibition. Top2-191 presents an intriguing contrast to Rqh1 in being involved in only a subset of the phenotypes associated with stalled telomeric RFs, as top2-191 fails to suppress the rapid telomere loss seen upon deletion of trt1 þ in a taz1D background. Hence, we surmise that Rqh1 acts upstream of Top2 in the processing of stalled RFs. Rqh1 seems to promote the collapse of the stalled taz1D telomeric RFs, preventing the replication re-start and producing abortive structures that can elicit entanglement. In contrast, the Top2 clamp either promotes the resolution of a collapsed fork to a structure that remains 'disentangled' but nonetheless fails to resume replication, or removes entanglements that are downstream of collapsed telomeric RFs. In summary, we have found that Top2 can influence chromosomal organization and/or topology at telomeric regions independently of its decatenation activity. We propose that Top2 acts as a 'structural switch' through inter-conversion between the clamped and the open form, influencing the topology of telomeric DNA and favouring the resolution of abortive structure stemming from stalled RFs. Widely used anti-tumoral agents target Top2 and convert the cleavable complex intermediate into an irreversible DNA lesion. Hence, our observation that Top2 reaction intermediates can profoundly influence the fate of stalled telomeric RFs may turn out to have broad implications regarding the cytotoxicity of these compounds.
Materials and methods
Yeast strains and media S. pombe strains (Table I) were constructed and maintained according to standard procedures. For the integration of various mutant forms of top2 þ at the lys1 locus, the relevant fragments were inserted between the BamHI sites of a vector (pINT81) lacking a replication origin, and bearing the nmt81 promoter and terminator. pINT81 also bears the N-terminal region of the lys1 þ gene, encompassing the site that is mutated in lys1-131 strains as well as two BlpI sites. For integration, the vector was partially digested with BlpI. Successful integration events were selected on minimal media lacking lysine and verified by PCR.
Viability assay
S. pombe cells were grown to log phase, pelleted and adjusted to OD ¼ 1. Fivefold serial dilutions were then spotted on solid medium and incubated at the indicated temperatures.
Expression and purification of S. pombe Top2
A S. cerevisiae-Escherichia coli shuttle vector bearing the S. pombe top2 þ sequence (without the intron) under GAL control was transformed into a S. cerevisiae strain deleted for TOP1. The expression was initiated by the addition of galactose to the medium, and extraction and purification were carried out as described previously (Worland and Wang, 1989) . The purification of Top2-191 was carried out in parallel using a vector obtained by site-directed mutagenesis (Stratagene) of the wild-type vector.
Relaxation assay and trapping of cleavable complexes
To assess plasmid relaxation rates, 40 ng of purified enzyme was added to 50 ml of a reaction buffer (150 mM potassium acetate, 6 mM magnesium acetate, 50 mM Tris (pH 7.8), 5 mM b-mercaptoethanol, 250 mg/ml BSA and 1 mM ATP) and pre-incubated for 10 min at the indicated temperature. Relaxation was then initiated by the addition of 300 ng of supercoiled pBr322 (TopoGEN). Aliquots were collected and the reaction stopped at the indicated times by mixing with 40 ml of 'stop' buffer (1% SDS, 40 mM EDTA, 300 mM NaCl). DNA was phenol extracted, ethanol precipitated, electrophoresed in 0.7 % agarose and stained with gelRed reagent.
To trap cleavable complexes, indicated amounts of wt or mutant enzyme were added to 50 ml of reaction buffer (50 mM potassium acetate, 6 mM magnesium acetate, 50 mM Tris (pH 7.8), 5 mM bmercaptoethanol, 250 mg/ml BSA and 1 mM ATP). The samples were pre-incubated at 191C for 12 min, followed by the addition of 300 ng of supercoiled pBr322 and incubation continued for 30 min. The trapping was achieved by adding 100 ml of 1.5% SDS and mixing rapidly. A total volume of 19 ml of NaCl (5 M) and 26 ml of EDTA (0.5 M) were added along with proteinase K. The digestion was carried out overnight at 371C before phenol extraction and ethanol precipitation.
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